ABSTRACT. Standard methods for assessing the environmental impact of waste management systems are needed to underpin the development and implementation of sustainable waste management practices. Life Cycle Assessment (LCA) is an emerging tool for ensuring such assessment is comprehensive and covers the full "cradle to grave" impacts associated with providing a product or service. This paper discusses aspects of a recent study commissioned by the U.K. Department of the Environment to assess how LCA methodology could be developed and applied to assist decision makers in waste management. It focuses on a method developed by the research contractors for identifying the environmental burdens that occur during the collection, treatment and disposal of non-hazardous waste. The method requires waste management activities to be defined as generic unit operations which are independent of the specific characteristics of the waste processed. These unit operations are used to flowsheet the specific system under study and burdens that are independent of the waste are identified. Waste-dependent burdens are identified separately by considering the interaction of unit operations and the specific characteristics exhibited by the waste under study. For identification purposes a restricted list of 10 characteristics is considered sufficient to highlight those burdens for which inventory data may be required. Comment is made on the potential to develop the identification method to provide quantified data for the burden inventory.
INTRODUCTION
There is increasing pressure on waste managers, planners and waste regulators to deliver a sustainable approach to waste management and to integrate strategies that will produce the best practicable option for the environment. To aid evaluation and selection of the "best option(s)" for the management of wastes, guidelines were produced by the EC in 1989. ~ These highlighted the potential resource conservation and pollution benefits available through Acknowledgements--The work upon which this paper is based was commissioned by the U.K. DoE. The authors are grateful for their support. Also they thank colleagues involved in the original study from Aspinwall, and two subcontractors (the University of Surrey and PIRA International) and Simon Aumonier from the Energy Technology Support Unit at AEA Harwell for their ideas and critical comment on the method developed for burden identification. The views expressed in this paper are those of the authors and do not necessarily represent those of their colleagues or the Department of the Environment.
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developing solutions that focused on minimising waste, on reusing and recycling unavoidable waste and rendering unusable wastes and residues safe for disposal. This so-called "waste hierarchy" has become the bedrock of strategy development for waste management throughout Europe. The U.K.'s recent consultation document "A Waste Strategy for England and Wales ''2 restates the hierarchy as a "summary" of government policy for achieving sustainable waste management. The overall aim is to increase the proportion of waste managed by options at the top of the hierarchy and reduce dependency on landfill.
Specific targets have been developed: A 25% reduction in household waste through materials and compost recycling by the year 2000; the Producer Responsibility Group 3 target of 58% "valorisation" for packaging materials by 2000; and a commitment to increase use of recycled materials in aggregates from 35 million tonnes to 50 million tonnes by 2005 . One measure to support these targets is the proposal 4 to levy a tax on landfill from 1996. However, despite specific targets, over-reliance on the hierarchy as the sole justification for maximising activities at the top, irrespective of impacts up and down the chain of extraction, use and disposal of materials and products, is too simplistic an approach. It is recognised that the best practicable environmental option (BPEO) will vary for individual waste streams and local circumstances. The BPEO procedure 5 is intended to establish, for a given set of objectives, the option(s) that provides the most benefit or least damage to the environment as a whole, at acceptable cost, in the long term as well as short term. Unfortunately, as most practitioners will readily testify, establishing the environmental impact associated with waste management systems is no easy task. Currently there is no universally accepted measure of performance that has the confidence of industry, the regulators and the public.
Life Cycle Assessment (LCA) has the potential to meet this need and the Department of the Environment has initiated a programme to extend the application of life cycle techniques to waste management practices in the U.K. This paper deals with the first stage of the programme, developing Life Cycle Inventories as the initial step to providing a tool for more holistic evaluation of waste management options at both national and local levels. This work was carried out by Aspinwall and Co, PIRA International and the University of Surrey.
OVERVIEW OF LIFE CYCLE ASSESSMENT
Life Cycle Assessment has been defined by SETAC 6 as "an objective process to evaluate the environmental burdens associated with a product, process or activity, by identifying and quantifying energy and materials used and waste released to the environment, and to evaluate and implement opportunities to effect environmental improvements".
LCA is normally considered to involve the following stages:
• goal definition (i.e. study objectives) and scope • preparing the inventory of burdens (e.g. resources used, pollutants emitted) • assessment of the environmental impact of these burdens • improvement analysis.
In practice the process is iterative as the results from subsequent stages will often require previous assumptions about system boundaries, required data, data quality, etc. to be modified.
Approaches to setting the goal and scope of a LCA study and developing the inventory of burdens have been subject to much debate and a consensus has been reached within the LCA community. The inventory procedure provides a fingerprint for the defined activity by quantifying the mass of raw materials and consumption of energy. This encompasses the extraction from the earth of all raw materials used both directly by the activity and indirectly through provision of raw materials used to supply energy and finished/semi-finished products demanded by the system. It includes emissions to air, discharges to water and generation of solid waste. Essentially the system under consideration should mass balance with inputs from the environment equal to discharges to the environment. These values will be expressed in terms of an appropriate functional unit for the system, e.g. kilogram of coal per tonne of household waste generated. Determining the functional unit is an area where care is needed to ensure the service provided by the system is consistent with the goal of the study. This is particularly so if systems are to be compared when the functional unit must be the same. For example, when comparing washing machines the functional unit "per wash" is inappropriate if load capacities differ or if one machine cannot wash certain clothes items. In the latter case one might need to include hand washing impacts for those items and have the functional unit based on assessing the burdens of dealing with the yearly wash load of a typical household.
Translating data from the inventory of burdens into environmental impacts by classifying and characterisation is less well defined, but essentially the broad headings that can be considered have been identified, i.e. acid rain, ozone depletion, eutrification, global warming. For many of the impacts, e.g. global warming, the relevant burdens (classification) and their relative contributions (characterisation) to the impact category are widely accepted. For example, COz and CH4 (the burdens) released into the atmosphere contribute to global warming (the impact) and their relative contributions on a unit mass basis is 1:21 based on values published by the Intergovernmental Panel on Climate Change. The product of classification and characterisation is a set of problem-oriented impact values.
The last stage of impact assessment is valuation, which attempts to compare and rank the differing impact categories in order to simplify these down to a common base. Alternatively, environmental economists 7 suggest that a range of techniques can be used to enable all the various impacts to be "priced" in cash terms to reflect the damage incurred. These are externality costs. Within the process of LCA, no consensus has been reached on methods to compare and equate diverse impacts such as ozone depletion, acidification of surface waters, fossil fuel use, etc. Many workers in Life Cycle Assessment consider LIFE CYCLE ASSESSMENT 37 valuation to be outside the scope of LCA as there are no scientifically defensible methods for performing this step. Although such approaches are attractive in terms of simplifying comparison between alternative options for providing the same service, they are unnecessary for identifying the key areas of concern and developing solutions that reduce the overall impact of a system. It is this so-called "improvement analysis" stage that tends to be highlighted as a key objective of LCA.
THE DoE PROJECT
The project remit was confined to considering LCA for non-hazardous waste management systems up to the inventory of burdens, which excluded impact assessment and improvement analysis issues. This first phase of LCA is commonly referred to as life cycle inventory analysis (LCI) and this paper will concentrate on the methodology developed to prepare the inventory list of burdens.
The report 8 covers the issues of determining in depth goal, scope, system boundaries and functional unit for a given study. One aspect that is particularly relevant to discussion of the inventory was the decision to differentiate explicitly between those activities within the system boundary that are of direct concern in waste management and those activities in the general "economy" that supply services to the waste management system. It has been proposed 9 that the terms foreground and background system are used to describe this split and further comments in this paper use these terms for brevity. The advantage of separate consideration lies in identifying which activities will require collection and interpretation of specific, often local, burden data to assess impact and which activities are adequately dealt with by using general/national/international data sources. The activities associated with supply of grid electricity to run a materials recycling facility (MRF) are in the background system and the burdens are based on those arising due to the mix of generating capacity used in the U.K. For inventory data collection purposes it suffices to record electricity consumption and use nationally available data to provide the amount of CO2, SOx, NOx, coal, oil, gas, etc. associated with electricity supply. In contrast, the emissions from trucks delivering recyclables to the MRF and recovered products to market are clearly in the foreground system. It is important to recognise that the split between foreground and background is a pragmatic recommendation to guide those compiling LCI data for the waste management system to restrict detailed data collection to those areas of direct concern and, to an extent, under their control/responsibility. It does not imply that the burdens associated with the background are less important or of lower magnitude than those identified for the foreground system. Figure 1 illustrates the foreground waste management activities subject to detailed study in the project and Fig. 2 the relationship this foreground system has to the background system and hence the overall system boundary.
BURDEN IDENTIFICATION METHODOLOGY
Two approaches to identifying potential burdens for waste management systems were considered in the study. The first approach involved classifying activities that differ due to the combination of waste handled and the unit operation the waste was undergoing. A list of all burdens generated by the various waste processes identified would then be prepared. In many respects such a breakdown reflects how actual measurement data are gathered and is appropriate for quantifying the inventory when a specific system is defined and the focus is restricted to those burdens that are known to cross the system boundary. This approach was adopted by White et al. ~° to provide LCI data for municipal waste management systems. However, for initial identification of burdens the main drawback of this approach is the problem of ensuring that the list of options is comprehensive. Detailed breakdown of waste management processes must also be sufficient to enable all combinations to be flowsheeted. The burden list drawn up for such combined waste/unit operation processes would need to be revisited whenever a change in process design or change in waste composition occurred.
To address these issues it was decided to consider the unit operations independently from the nature of the waste undergoing the operation. In the first stage only those burdens associated with the unit operation that are independent of waste characteristics are claimed. In a separate stage, waste-related burdens are identified by considering the interaction of the unit operation and waste characteristics. For the purpose of identifying potential burdens the latter approach has a number of advantages. It does not require extensive and separate consideration of every combination of waste and unit operation; it differentiates between burdens inherent in providing and operating a waste management system and those which only arise because the waste processed has specific characteristics; it permits unit operations to be classified into separate generic groups; it facilitates identification of common features and burdens and makes the initial appraisal of likely significance of these burdens easier. Because the operations are defined as stand alone activities, the approach is suited to identification and classification of burdens according to whether they are: 
DUAL CLASSIFICATION APPROACH TO BURDEN IDENTIFICATION
The dual classification system approach to burden identification was developed in more detail by the study team. This requires the waste management system to be defined as a combination of
• generic unit operations • wastes properties or characteristics undergoing the unit operations.
The unit operations are waste-independent descriptions of all the activities that might be required to manage wastes. In combination they are used as building blocks to flowsheet and define specific waste management systems. The unit operation building blocks can be defined in broad terms or more narrowly. The level of detail appropriate will depend on the system, the nature of the waste and the context and purpose of the study. To accommodate varying levels of detailed breakdown of the waste management activities into unit operations, a staged approach to classification was adopted. Table 1 lists the eight main process categories at the broadest level of differentiation. There are three distinct transport activities, ROAD, RAIL and Table 2 .
Using road transport to illustrate use and the level of differentiation that can be achieved, the activity of collecting waste from households could be described as "a diesel fuelled refuse freighter operation in stop/start mode with the container body semi-open to permit loading". Using the coding attributed to the option lists, this operation is defined as UO1/B-a,f,n. The activity of the loaded vehicle returning to a transfer station may be described as "a diesel fuelled refuse freighter operating in urban "cycle" mode", i.e. UO1/B-c,f,1. Once at the transfer station, the activity is defined as "a diesel fuelled refuse freighter in manoeuvring mode", i.e. UO1/B-b,f,n. For this example, apart from a higher risk of spillage during collection, the types of burdens that occur in stop/start mode and urban cycle mode are the same, e.g. vehicle emissions, noise, congestion and traffic accidents, but the magnitude of these burdens will be different. Even if magnitude differences were small, the impact may differ significantly due to time of day and place. The purpose of identifying and collecting burden data for LCA is to assess impact and not simply to provide the inventory. For the manoeuvring mode, traffic congestion drops from the burden list, but defining this as a separate activity may also be considered desirable if the vehicle emissions are released within a building leading to much higher than normal exposure levels for workers.
The starting point for identification of burdens is to describe the physical processes involved using these unit operations to build up the waste management system flowsheet. From such a flowsheet description there are many potential burdens that can be allocated to the system without any knowledge of the precise characteristics of the waste. Such burdens fall into the first two groups noted earlier, i.e. fixed, waste-independent burdens and variable, waste-independent burdens. Table 3 provides examples of potential burdens at the broadest level of the main process categories. To identify those burdens that depend on the waste undergoing the unit operation, a list of 10 generic waste characteristics (WCI to WC10) shown in Table 4 was prepared. Against each characteristic a description of the main potential burden effects associated with the characteristic is given. For the purposes of initial burden identification the list describes the properties of waste in very broad terms. This list is considered to provide adequate guidance but clearly once quantified data are required for inventory purposes it will be necessary to break down these characteristics in greater detail and undertake a mass, materials and energy balance for the system. On reviewing this list it can be noted that the characteristics selected to describe wastes are not fully independent. A biodegradable waste will also have a calorific value, but for burden identification purposes it is worthwhile highlighting biodegradability as a separate characteristic rather than a subcategory of combustibility.
This lack of independence is only likely to result in waste-related burdens being identified more than once and reduces the chance of a potential burden being overlooked at the identification stage.
For many mixed wastes, most if not all the characteristics listed will be present to a greater or lesser degree. It is suggested that some qualitative measure of the level present to indicate likely significance will need to be adopted. Such refinements should only be developed in the light of practical studies of waste processes that provide the data and knowledge to justify the decisions. It should be recognised that it is the interaction of the characteristic and unit operation that leads to potential burdens and a high level of a certain characteristic would not necessarily trigger a response. As the waste passes through a waste management system, separation and transformation processes will affect the characteristics of the waste. Thus care must be taken in assessing the significance levels of characteristics, and knowledge of the effect that unit operations have on these characteristics is essential. By considering each characteristic against the unit operations, an assessment of whether the combination is likely to lead to potential burdens can be made. This approach would enable each unit operation to be allocated a list of the main waste characteristics of concern. A comprehensive data base of potential burdens linked to the generic operations would follow. Such a data base would provide a useful reference "check list" for assessing and designing specific waste management systems in order to ensure appropriate controls to eliminate and/or minimise potential burdens. To illustrate how such a data base may develop, Table 5 provides examples of potential waste-related burdens. These have been identified from unit operation/waste characteristic interaction at the broad level of detail of the eight main process categories.
For a given system the unit operation flow sheet for the system is defined, the characteristics of the waste are defined and, at each stage in the system, potential burdens arising due to the combination of waste and process are identified by reference to the data base. The unit operations undertaken on the waste occur within the context of the system as a whole and the identification of potential burdens, particularly the waste-dependent burdens, can take into account which environmental media are receiving the burden, and whether or not the system includes the necessary abatement/control measures to ensure the potential burden is eliminated/ reduced prior to crossing the system boundary. This will be a relatively time-consuming process. However, it was considered preferable for users to make a positive decision to eliminate waste-related burdens systematically on the basis that the emission/product was controlled within the system at a particular stage rather than presuming this to be the case. The identification procedure outlined above does need to be linked with suitable data base information and software to ensure systematic and easy use. To illustrate the approach a simple green waste-composting process has been flowsheeted (Fig. 3 ) using the generic unit operations listed in Table 1 . Although it is beyond the scope of this paper to consider the potential burdens in great detail, a number of identification procedures would need to be carried out. Initially the waste-independent burdens would be identified for each unit operation used from data tables similar to those presented in Table 3 . Although the data for the road transport unit operation UOI/F (use of a large tractor) would be more specific than the general level given for road transport (UO1), the fixed burdens identified in this table are still relevant. For fixed burdens associated with land take and visual intrusion, all unit operations trigger these as potential burdens and they would tend to be viewed for the facility as a whole by reference to site design and layout. For the variable burdens, the general UO1 list provides a comprehensive overview of potential burdens but if the tractor is used on site only, congestion and mud on roads would not be relevant. Again the fuel used and pollutant species associated with vehicle emissions would be defined in greater detail for this class of vehicle. For the waste-dependent burdens, characteristics from Table 4 relevant to green waste would be selected. For this example WCI (physical characteristics; potential for dust), WC2 (moisture content; effect on dustiness, biodegradability, leachate), WC3 (biodegradability; effect on odour, air emissions and leachate), WC7 (leachability; nature of soluble components and suspended solids effects burdens) and WC8 (sterility; potential for pathogens, allergenic dusts) are the main characteristics of concern. The degree to which these characteristics are exhibited by the waste will change as the waste is processed and compost is produced. By referring to Table 5 , which cross-references these characteristics with the main waste process categories, potential burdens at each stage in the process can be identified. At this general level, Table 5 data are less specific than would be possible for information based on a more detailed definition of the unit processes. For example, the gaseous emission list for biological processes (UO7) receiving biodegradable waste would include those arising from both anaerobic and aerobic processes, whereas one based on UO7/B would be confined to the latter. In the selected flow sheet for the green waste composting no specific emission control measures are shown and it is likely that most of the potential burdens identified would cross the system boundary and need to be quantified for the inventory.
Thus, for a given study the identification procedure would be used to draw up the specific burden inventory list for that system. The more detailed the definition of the unit operations used to flowsheet the system, the more focused and restricted the burden inventory list will become. This will facilitate the task of identifying and selecting suitable data sources for quantifying the burdens identified.
BURDEN QUANTIFICATION
Identification of potential burdens provides the user with a comprehensive list of emissions, resources and products that physically cross the system boundary. These burdens are usually termed flux burdens and need to be quantified to complete the life cycle inventory analysis stage. In addition, other burdens have been identified, usually termed nonflux burdens, such as congestion and visual intrusion that may impact on the environment but, of themselves, do not represent actual material or energy flows across the system boundary. Non-flux burdens should be recorded as they are relevant to decisionmaking but are not quantified as part of the burden inventory within LCI.
The main waste process categories are very broadly defined. Hence they are unsuitable for considering whether the information data base for burden identification purposes could be developed to enable the flux burdens to be quantified using knowledge of system throughputs, operating hours, etc. However, at more detailed levels of unit operation description, data to enable quantification of waste-independent burdens may be incorporated into the dual classification system. It would be relatively straightforward to provide typical fuel consumption and emissions data based on hourly running time or per kilometre for particular vehicle types in the data base and request the user to supply information on payloads, yearly operational times and throughputs. This would enable these data to be expressed in terms of the relevant functional unit for the study. Typical values for electricity consumption could also be gathered for many of the physical process operations and process models developed to account for the effect of throughput and waste type. For thermal, chemical and biological processes there is scope for collecting general data and developing models to indicate consumption of resources that depend primarily on operational hours and/or throughput for typical waste feed stocks.
For waste-dependent burdens there is no alternative to undertaking a detailed mass and materials balance for the system. Only emissions, residues and products that cross the system boundary are of interest, and it will probably be more effective to consider these at the plant/facility level on a case by case basis. Where the overall facility can be shown to be "conventional" and the type of waste processed typical, measured data for similar plant or process models for such plant could provide default data to estimate burden levels in specific cases. The fact that potential burdens have been identified at a more detailed level of unit operation breakdown provides a check on whether available burden data for similar plant are comprehensive. Differentiating between product-related and process-related burdens can be helpful in deciding how to gather the information required and show how particular burdens should be allocated in studies that are aimed at assessing the impact of certain products or materials in a waste management system. Product-related burdens are those that vary in response to a specific component in the waste or product. Process-related burdens are those waste-dependent burdens for which the emission levels are primarily controlled by the process. The approach and information needed to quantify these two burden types differ and procedures developed by Eggels I1 to differentiate between these burden types were considered worthy of further development. This proposal introduces a further split in terms of how burdens can be identified and classified to facilitate understanding of the underlying processes that lead to their formation. Table 6 summarises the various classifications defined and discussed in the study along with comments that provide a guide to potential data sources and techniques that can be used to provide quantified values.
CONCLUSIONS
This paper has focused on the development of a dual classification system for identifying potential burdens required for Life Cycle Inventory to determine the potential of Life Cycle Assessment to aid decision-making in waste management. The study illustrated that a general methodology can be developed to identify burdens for the LCI stage that would meet the wide range of goals and system boundaries for which such inventory data may be required. However, the variety of processes and process configurations used in waste management systems and the fact that this stage takes the full range of materials, products and residues generated by modern industrial economies will require data base and software development to ensure ease of use.
The method proposed requires activities (unit operations) in waste management to be defined in a manner that is independent of the waste processed. These unit operations can be defined at varying levels of detail and are used to flowsheet the waste management system under study. Many burdens, termed waste-independent burdens, can be identified at this stage. Burdens that depend on the specific characteristics of the waste are identified by allocating the waste/material a selection of relevant waste characteristics and considering what burdens will arise due to the interaction of these characteristics and the various unit operations. For specific studies this step can take into account whether or not the potential burdens identified cross the system boundary.
The dual classification method for identification of potential burdens also facilitates classifying burdens Although the dual classification approach has not yet been fully tested using actual case studies, the method should enable unit operations data to be collected for quantifying many of the waste-independent burdens. These will then be expressed in terms of the required functional unit for the system. Availability of such data would reduce the time and cost of undertaking specific studies. For waste-dependent burdens, energy, mass and materials balance data are needed to quantify burdens for the system studied. These need to be assessed in the context of the full system as it is only when emissions and products cross the system boundary that quantification is required. This is not an area where information collected at the unit operation level is likely to contribute significantly in the short to medium term, although appropriate data at the facility level will be useful for waste types and processes that are well characterised.
Life cycle assessment is an iterative process and the scope and level of detail needed at the LCI stage should always be reviewed in the light of the practical results obtained. It is likely that for many purposes the level of detail required will not be as extensive as might be anticipated from applying an identification methodology designed to be as comprehensive as the one proposed. In such cases more prescriptive inventory lists and data sources could be used for the quantification stage. However, it will not be appropriate to bypass comprehensive burden identification in LCA studies. Without the full inventory list of potential burdens, the transparency essential to building confidence in the technique will be undermined and the value of LCA to decision-makers diminished.
